Introduction
The fi rst three cycles of the Canadian Environmental Effects Monitoring (EEM) program showed that pulp/paper mill effl uents were causing general nutrient enrichment in the receiving environment as well as metabolic disruption in fi sh (Lowell et al. 2005) . Metabolic disruption describes fi sh that are fast growing and are storing more energy (fi sh are fatter and have larger livers) but have allocated less energy towards reproduction (smaller gonads). When effects are identifi ed and confi rmed at a site, the EEM program calls for Investigation of Cause (IOC) and Investigation of Solution (IOS) studies so that the effects may be reduced or entirely eliminated (Hewitt et al. 2008) . The current study focuses on the selection and/ or development of diagnostic laboratory fi sh bioassays that can be used for IOC/IOS work. These tests would ideally be able to demonstrate the metabolic disruption pattern observed in wild fi sh and be practical in terms of duration and volumes of effl uent required. Since the ability of shorter-term tests to predict metabolic disruption in wild fi sh is not known, an evaluation of the available tests was deemed necessary before IOC/IOS work could be initiated.
This manuscript and the accompanying paper (van den Heuvel et al. 2010a ) describe the work conducted using effl uent from a bleached kraft mill at La Tuque, Quebec, Canada. The work reported here includes an assessment of the responses of wild white sucker (Catostomus commersoni) collected in the vicinity of the pulp mill, and a laboratory lifecycle test examining the response of fathead minnow (Pimephales promelas) to several months of effl uent exposure. The lifecycle test was not a candidate for IOC or IOS work but a means to "bring the EEM results into the laboratory" and facilitate the evaluation of short-term tests and their ability to predict metabolic disruption. Fathead minnow lifecycle tests have proven useful in detecting the effects of low (sub-ng/L) concentrations of ethinyl estradiol (Parrott and Blunt 2005) as well as the decrease in gonad size seen in wild fi sh exposed to pulp mill effl uent (Parrott 2005) . Lifecycle tests measure many endpoints included in the EEM program (growth, length, weight, condition factor, liver and gonad somatic indices) as well as others commonly measured in short-term tests (e.g., hatching success, larval survival, egg production) (Borton et al. 2000; Parrott 2005) . Given that the lifecycle test covers all critical "windows of exposure" during a lifespan, it is considered to have the best potential in replicating the responses of wild fi sh in the laboratory and thus provides a reference for other short-term laboratory tests.
Wild white sucker were sampled upstream and downstream from the effl uent discharge of the La Tuque mill to the St. Maurice River during September 2006, and laboratory tests with mill effl uent were conducted between May 2006 and January 2007. The objectives of the wild fi sh collections were: (1) to conduct an EEMlike study with fi sh exposed to an effl uent that was being simultaneously evaluated in multiple laboratory bioassays, and (2) to evaluate additional reproductive responses in wild fi sh that correspond to the endpoints being measured in short-term tests. These included assessment of circulating reproductive steroids, in vitro steroid hormone production, secondary sex characteristics, gonadal histology, hepatic contents of ligands for sex steroid receptors, and hepatic mixed function oxygenase activity. Fish lifecycle studies were conducted with bleached kraft mill effl uent (BKME) from the La Tuque mill and compared to the wild fi sh assessments (this paper), and ultimately to other shortterm tests (van den Heuvel et al. 2010a ).
Methods

Mill Selected for Study and Project Outline
The bleached kraft mill in La Tuque, Quebec ("DNED, DED" where D refers to 100% ClO 2 bleaching, N refers to nitrogen bleaching compounds, and E refers to caustic extraction) produces 1,200 T/d of bleached linerboard, paperboard, and foodboard. Feedstocks consist of 40% chips (23% softwood, 17% hardwood) and sawdust/shavings (mainly softwood). Water usage is 87,000 m 3 /d for process and 17,000 m 3 /d for cooling (noncontaminated water). Processing effl uent is treated in an oxygen-activated sludge plant with a hydraulic retention time of approximately 9.8 h prior to discharge into the St. Maurice River.
Wild Fish Capture and Sampling
Site selection for the wild fi sh studies corresponded to previous studies on the St. Maurice River, including Hodson et al. (1992) , Gagnon et al. (1994) , and Alliance Environnement (2007) . Three sites were sampled for fi sh: an upstream reference site 22 km above the Beaumont dam, a near-fi eld exposed site downstream of the effl uent discharge but upstream of the dam in La Tuque, and a far-fi eld site downstream of the discharge and 2 km downstream of the dam in La Tuque (Alliance Environnement 2007) (Fig. 1) . White sucker were collected from the three selected sites from September 12 to 22, 2006, using overnight sets of 8.9-cm and 10.2-cm mesh gill nets. Fishing at the immediate downstream exposed site was diffi cult and dangerous due to the strong currents created by the narrowing of the river immediately upstream of the dam and water release. This site represented about 750 m of fi shable area and contained habitat that differed considerably from the reference and exposed site below the dam.
White sucker were removed from gill nets and sampled according to McMaster et al. (1991) . Fish were placed immediately into a live well and transported to shore for sampling. Blood samples were taken from the caudal vessels using a syringe and heparinized vaccutainer. Blood was held on ice prior to separation of the plasma by centrifugation; plasma was immediately frozen in liquid nitrogen. Each fi sh was rendered unconscious by concussion, and was measured for fork length (±0.1 cm) and body weight (±0.1 g). The internal organs were removed and the gonads (±0.01 g) and liver (±0.01 g) were weighed. Male fi sh were rated with respect to the number and distribution of nuptial tubercle expression according to a subjective scale which ranged from 0 (no tubercles) to 6 (tubercles over entire body). Mesenteric fat was graded subjectively on a scale of 1 to 5 (McMaster et al. 1991) . A portion of liver tissue was placed in cryovials and frozen in liquid nitrogen for assessment of mixed function oxygenase (MFO) enzymes, measured as ethoxyresorufi n-O-dethylase (EROD) activity (Hodson et al. 1996) . The remaining liver was pooled by sex and site on hexane-rinsed aluminum foil and immediately frozen (-20°C) for determination of ligands for goldfi sh testicular androgen receptors (Hewitt et al. 2000) .
A subsample of ovarian tissue was taken from 12 female fi sh and placed in separate vials with incubation media for subsequent determination of in vitro production of steroid hormones (McMaster et al. 1995) . A subsample of ovarian tissue was also collected to estimate total fecundity (total number of eggs per fi sh). Additional samples of testis and ovary were fi xed in Davidson's solution for histological evaluation. Opercula were obtained from all fi sh for age analysis (McMaster et al. 1991) .
Steroid
Measurements. Circulating levels of testosterone (both sexes), 17β-estradiol (females), and 11-ketotestosterone (males) from the plasma samples were quantifi ed by radioimmunoassay (RIA) . RIA was also used to measure the in vitro production of testosterone and 17β-estradiol (McMaster et al. 1995) .
Histological analysis. Testes and ovaries were processed according to standard histological methods (fi xation in Davidson's solution and embedded in paraffi n). Six to twelve thin sections (4-to 5-μm thickness) were placed on glass slides and stained with hematoxylin and eosin. Five random images at 40× magnifi cation were collected from each testis slide and analyzed using Northern Eclipse (v8.0) software. A 391-point grid was stamped onto each image and the cell types under each grid point were scored. Recorded cell types were spermatogonia, spermatocyte, spermatid, and spermatozoa. The relative proportions of each cell type within a fi sh were calculated. Images of entire cross sections of each ovary were prepared by stitching image fi elds at 2.5× magnifi cation together using Northern Eclipse. All cell types containing a visible nucleus within these cross sections were scored and reported, and the size of vitellogenic cells were calculated by tracing. Recorded cell types were primary, Hepatic EROD activity and content of ligands for sex steroid receptors. EROD activity was measured using the methods of Hodson et al. (1996) . Frozen liver that had been pooled by sex and site were evaluated for ligands for goldfi sh testicular androgen receptors according to previous methods (Hewitt et al. 2000) .
Fathead Minnow Lifecycle Test
Effl uent (2,000 L) was shipped weekly (July 2006 to January 2007) from the La Tuque mill to Burlington, Ontario. Effl uent was stored at 4°C in stock tanks until ready for use. BKME was mixed in a proportional diluter with laboratory water (dechlorinated, UV sterilized, charcoal fi ltered Burlington city water) to deliver 0, 1, 3, 10, 30, and 100% (vol/vol) BKME to four randomized replicate aquaria (12 L, 25 mL/min), which provided three turnovers per day. Four replicates of each BKME concentration were used along with 8 replicates of controls. Fish loading densities were a maximum 0.5 g of fi sh per litre per day for adults in the breeding phase. Aquaria water quality parameters were measured weekly ( Table 1) .
The test Fish from each aquarium were weighed live as a group, and mean fi sh weight was calculated. Each aquarium was culled to 20 fi sh at 32 dph, 15 at 46 dph, and 12 at 54 dph.
Secondary sex characteristics started to develop between days 54 and 77, and about 23% of fi sh could be distinguished externally as male or female at 77 dph. Three breeding tiles were added to each aquarium to promote maturation and reproductive behaviours. By 90 dph, 55% of fi sh were mature. Secondary sex characteristics of about 62% of the fi sh were evident at 102 dph. At 102 DPh, fi sh were culled to 8 per aquarium, selecting 5 females and 3 males for the breeding phase of the experiment. All eggs were counted, assessed for fertilization, rolled off tiles, and 100 eggs (or less if the batch was <100 eggs) were removed to hatching cups in aerated laboratory water.
At 168 to 171 dph fi sh were sampled as described in Parrott and Blunt (2005) with the following exceptions. Male secondary sex characteristics were assessed as follows: dorsal fi n dot was graded as absent (0 points) or present (1 point); dorsal fatpad was graded on scale of 0 (no pad) to 5 (very well-developed pad); nuptial tubercles were counted under a dissecting microscope, as were the number of large, prominent tubercles; banding was assessed on a scale of 0 (no banding) to 5 (fi sh with a banding score of 4 had very dark pronounced banding, whereas a score of 5 was for fi sh with pronounced banding and a dark head; fi sh with a dark head and no banding received a score of 2); Male Index was calculated as the sum of fi n dot score + dorsal fatpad score + (# tubercles + # large tubercles)/5 + banding score. The Male Index ranged from 1.7 to 15.2.
For females, ovipositor length and width were measured under a dissecting microscope, and triangular ovipositor area was calculated as length × width ÷ 2. No females had male external sex characteristics. At the termination of the experiment, there was only one immature fi sh.
Statistical Analysis
Male and female in both tests were analyzed separately. Examination of the potential site or concentration (lifecycle) differences in fi sh length and body weight were evaluated using analysis of variance (ANOVA). Body weight with length as a covariate (condition factor), gonad weight with body weight as a covariate, liver weight with body weight as a covariate, and number of eggs (fecundity) with length, weight, and gonad weight as covariates were evaluated using ANCOVA (analysis of covariance). Data for fathead minnow were presented as somatic indices such as condition factor (K = weight/ length 3 ), gonadosomatic index (GSI), and liver somatic index (LSI). Data were checked for normality and evaluated for homogeneity using the Levine's test prior to analysis; logarithmic transformations were used if data did not meet these assumptions. Nonparametric KruskalWallis tests were used to compare circulating steroid, in vitro steroid production, fecundity, tubercle expression, internal fat stores, and age data between fi eld sites. Length-at-age relationships for wild fi sh were modelled using a von Bertalanffy equation of the following form: Length = Lmax × (1 -0.96 × e (-k Age) ) where Lmax is the length at infi nite time, or maximum length, and k is the growth constant. Growth relationships were compared using the residual sums of squares method of Chen et al. (1992) . Fathead minnow ovipositor area (mm 2 ), Male Index, and F1 parameters (% fertilization, % hatch, % fry mortality, % larval deformities) were assessed for differences among treatments using ANOVA. Signifi cant differences from controls were assessed using twosample t tests (separate variances, Bonferroni's adjusted probabilities) to determine levels of signifi cance (asterisks, shown in the text, fi gures, and tables for p values <0.05). All data were analyzed using either Systat 11.0 or 12.0 (Systat Software Inc., San José, Calif.).
Measurement of BKME-Related Chemicals in Fish Exposure Water
Chemical measurements were conducted to provide an indication of effl uent quality over the course of the sixmonth lifecycle assay and for comparisons of effl uent quality between samples used for shorter term testing (van den Heuvel et al. 2010a ). Effl uent samples were collected directly from the lifecycle shipping totes on a weekly basis from May 30, 2006 to January 24, 2007. Dissolved inorganic CArbon/dissolved organic CArbon, major ions (Na, K, and Cl), colour, total metals, and nutrients were analyzed according to protocols at Environment Canada's National Laboratory for Environmental Testing Laboratory in Burlington, Ontario (Environment Canada 1994) .
Resin acids and plant sterols were analyzed separately according to described methods (Kovacs et al. 2007 
Results
Wild Fish Physiological Parameters
Female white sucker collected downstream of the La Tuque dam were signifi cantly longer and heavier than the upstream reference females. Downstream females also had a signifi cantly increased condition factor and were older than reference females (Table 2) . Exposed female white sucker immediately upstream of the dam had signifi cantly different growth compared with fi sh downstream of the dam. There were no differences between either of those sites and the upstream Beaumont reference location. The difference in the growth of sucker upstream of the dam was primarily due to a reduced maximum length (Lmax).
Ovary development when expressed relative to body weight or fi sh length demonstrated signifi cant site differences in the slopes of the regressions. Far-fi eld females appear to invest more energy into reproductive development especially in larger (heavier and longer) fi sh. Although absolute fecundity numbers are higher in farfi eld females, relative to length, weight, and gonad size, no signifi cant site differences exist (Table 2) . Female white sucker collected from both exposed sites had signifi cantly larger livers relative to the reference females (Fig. 2a) . Internal fat stores were signifi cantly reduced in females from both exposed sites (Table 2) .
Near-fi eld male white sucker were signifi cantly lighter and shorter than the reference and far-fi eld exposed males, but were similar in age. These males had reduced growth compared with both the far-fi eld and the upstream reference males. This was primarily due to a reduced maximum length (Lmax) that was estimated to be 40.4 cm. There were no differences in growth between the upstream reference and the far-fi eld downstream exposed males.
There were no site differences in the condition of the fi sh or testes development relative to the length or the weight of the fi sh (Table 2) . Male white sucker liver weights demonstrated signifi cant site differences in the relationship between liver weight and body weight. Nearfi eld exposed male fi sh demonstrated similar slopes but had larger livers relative to the reference males. Far-fi eld males had signifi cantly different slopes with large fi sh having signifi cantly larger livers (Fig. 2b ). There were no site differences in internal fat stores or secondary sexual characteristics in males (Table 2) .
Circulating levels of 17β-estradiol and testosterone were similar between females collected from the three sites (Table 3) . Although circulating levels of 11-ketotestosterone were also similar between the three sites, male white sucker collected downstream of the effl uent discharge had signifi cantly reduced circulating levels of testosterone (Table 3) . Basal production of 17β-estradiol was signifi cantly reduced in follicles collected from females downstream of the dam at the far fi eld site, and stimulated production of 17β-estradiol was signifi cantly increased in near-fi eld exposed females. No other site differences in steroid production were found (Table 4) .
Testicular tissue was separated into four stages of development: spermatogonia, spermatocytes, spermatids, and spermatozoa, each representing a stage further in testicular development. There was considerable variability between fi sh within a site, and when compared between sites, no signifi cant site differences were found (Fig. 3a) . Female ovarian development was separated into follicles of primary development, cortical alveolar stages, vitellogenic stages, and atretic follicles. Figure 3b shows that the fi sh were at the early stages of ovarian development since the majority of the follicles were of the primary stage. There was considerable variability between fi sh within site and no signifi cant site differences existed.
Hepatic EROD Activity and Ligands for Goldfi sh Testicular Androgen Receptors
Male white sucker collected immediately downstream of the effl uent discharge had signifi cantly higher EROD activity relative to the reference males (2.6-fold; Table  3 ); no other site differences were present. No statistical differences were detected in the content of androgens in liver of white sucker between sexes and sites (Fig. 4) .
Lifecycle Tests
There were no differences in hatching of eggs with exposure to pulp mill effl uent. Hatching success was over 90% and survival of fi sh up to 32 dph ranged from 68% in 30% effl uent and to 85% in 100% effl uent (data not shown).
Fish were weighed at set times to assess progression of growth over time (Fig. 5) . Juvenile fi sh growth was similar in all effl uent treatments from 32 to 77 dph. Fish growth at 90 dph showed slightly decreased weights of fi sh exposed to 30 and 100% effl uent. This trend continued and was statistically signifi cant at 102 dph. At 133 dph, fi sh could be sexed and males and females could be weighed separately. Weight of males was signifi cantly reduced with exposure to 30 and 100% effl uent at 133 dph. At the end of the lifecycle (168 to 171 dph), males Fig. 5 . Average weights of fathead minnows at 32 to 168 days post hatch for fathead minnows exposed to BKME (1% to 100%) or to lab water for a lifecycle.
from the 30 and 100% BKME treatments weighed signifi cantly less than control males. As well, males from 1, 3, 30, and 100% BKME were signifi cantly shorter than control males (Table 5 ). Female fi sh from 10 and 100% BKME were also signifi cantly shorter than the control females at the end of the lifecycle. Condition factors were increased in male fi sh exposed to 3 to 100% BKME, and in females exposed to 30 and 100% BKME.
The LSI in male and female fi sh was increased by lifecycle exposure to BKME (Table 5 ). Male fi sh LSI was increased with exposure to 1% and 10 to 100% BKME. Female LSI was increased by exposure to 30 and 100% BKME. The GSI was unchanged in fi sh exposed to BKME, except for 100% BKME, which had increased GSIs in both male and female fi sh compared with control fi sh.
All fi sh were visually sexed externally (except one), and external sexing agreed with internal sexing (based on the presence of ovaries or testes). Male external sex characteristics were increased by exposure to low (1 to 10%) concentrations of BKME, and decreased by exposure to 100% BKME. Ovipositor area was unaffected by exposure to BKME, and ranged from 1.10 to 1.42 mm 2 . There were no effl uent-related differences in time to fi rst spawning. Breeding began at 89 dph in one aquarium from each of 0, 3, and 30% effl uent exposure concentrations. Other exposure concentrations started breeding at 90 dph (1%) or 93 dph (10 and 100%).
Total egg production was signifi cantly increased in fi sh exposed to 1 to 30% BKME (Fig. 6 ). There was an indication of decreased egg production in two of four replicates of fi sh exposed to 100% effl uent, but when all replicates were pooled, variability in egg production among replicates in the 100% effl uent exposure was high, so no signifi cant differences from control egg production were detected.
Mean egg diameter and fertilization success did not differ among control and effl uent exposed fi sh. Mean egg diameter ranged from 1.31 to 1.36 mm, and did not differ with treatments. Mean fertilization rate was over 97% for all groups (data not shown).
Egg hatching rates and deformities in fry were assessed in over 5,000 eggs from each pulp mill effl uent concentration. Percentages of uneyed dead eggs and mutant eggs did not differ among treatments. Percent hatch of F1 ranged from 76 to 86% and was not signifi cantly affected by BKME exposure treatment (data not shown). Mean fry mortality was 0.7 to 1.5% (±0.71) (in controls) compared with 6.1 to 6.4% (±2.8) in the 100% BKME treatment. Fig. 6 . Average (± standard error) eggs per female for fathead minnows exposed to BKME (1 to 100%) or to lab water for a lifecycle. Asterisks denote signifi cant differences from controls.
Percentage of deformities in hatched F1 larvae were not signifi cantly increased in a dose-responsive manner with BKME exposure. There were increased deformities in 10% BKME (with 12% of fry deformed). Other treatments and controls had 1.9 to 3.3% deformed fry.
Temporal
Concentrations of BKME-Related Chemicals
The majority of effl uent chemical parameters showed little fl uctuations throughout the sampling period of the lifecycle bioassay. A total of 25 metals were monitored weekly, the majority of which also did not vary greatly during the course of the lifecycle test (combined mean concentration: 41.6  21.7 g/L), with three notable exceptions (Table 6 ). There were dramatic increases in aluminum, manganese, and barium (8-, 32-, and 292-fold, respectively) in June relative to the fi rst month of the study (Fig. 7) . These high concentrations were generally maintained for the rest of the study until the last week of January 2007 (Fig. 7) . These increases occurred in parallel with changes in the qualitative profi les of effl uent organics used to obtain a measure of effl uent strength (van den Heuvel et al. 2010a ).
The total levels of sterols measured were consistently <1.5 μg/L, with the exception of the weeks of the 14th (13.4 μg/L) and 21st (4.5 μg/L) of November (Fig. 8 ). Over the course of the study the proportions of sterols making up the totals were relatively consistent, with stigmastanol comprising about 75% of the totals released; the remaining quarter was comprised equally of campesterol, stigmasterol, and sitosterol.
A similar profi le in total resin acids was also observed with a peak in concentrations during November 2006 (Fig. 8) . The November maximum was 57 μg/L, however additional spikes were seen during the week of June 20th (32 μg/L) and December 7th (23 μg/L). The balance of total concentrations was usually <10 μg/L. The proportions of individual resin acids making up the totals were relatively consistent, with average compositions of 40% attributed to dehydroabietic acid, 20% to abietic acid, 14% to isopimaric acid, and 9% to pimaric acid. The remaining measured acids were <5%. An almost identical pattern in polyphenol content was also observed (data not shown). A November maximum of approximately 60 mg/L was the lone spike in concentrations and contributed to the variability observed in the average (Table 6) .
Polyphenol levels were consistent throughout the lifecycle testing, measuring 24.8 ± 8.2 mg/L. However, a sudden and sole peak concentration of 59 mg/L on the November 14th sample provided further evidence that effl uent on that week was irregular (data not shown).
Discussion
In evaluating both white sucker collected from the St. Maurice River and fathead minnows in a laboratory lifecycle test, it was determined that the effl uent from the la Tuque mill no longer caused metabolic disruption and had limited effects on various measures of reproduction. This represents the fi rst time that the results of an EEM adult fi sh survey were temporally reproduced in the laboratory.
The mill at La Tuque was selected primarily because prior research demonstrated reproductive effects of the effl uent including growth changes, smaller gonads, and induction of MFO activity (Hodson et al. 1992; Gagnon et al. 1994 Gagnon et al. , 1995 Alliance Environnement 2007) . Previous work showed that white sucker collected below the dam were older and larger at maturity, and female sucker had signifi cantly reduced gonad development as compared with reference locations (Gagnon et al. 1995) . These results were associated with reductions in circulating steroid hormones in female fi sh (Gagnon et al. 1994) . Reduced gonad size in male white sucker continued to be evident in Cycles 2 and 3 of the EEM program (Alliance Environnement 2007). These differences exceeded the EEM critical effect size of 25%, making this mill a candidate for inclusion in the IOC studies for gonad effects.
In contrast, the present study determined no negative effects on gonad size in either wild fi sh or the fathead minnow lifecycle. Surprisingly, female white sucker from the far-fi eld site had increased gonad size in larger, older fi sh, and fathead minnows exposed to higher concentrations of effl uent also demonstrated increased gonad size. These results correspond well with the mill's Cycle 4 EEM studies, which were made available following our own fi eld collections (Alliance Environnement 2007).
Upstream reference fi sh were physically separated from both downstream sites by an upstream dam at Beaumont. Although fi sh in the near-fi eld zone were collected in the effl uent plume, nothing physically prevented them from swimming upstream into unexposed waters for unknown periods of time (Fig. 1) . The location of capture at this site was also signifi cantly different in terms of habitat, as very little fi shable habitat was available since the river narrowed just before the dam at La Tuque. For this reason, we must interpret site differences in this near-fi eld zone with caution because effects could also be due to the differences in habitat. Farfi eld fi sh were isolated from the near-fi eld area by the La Tuque dam, so were exposed to effl uent at all times, and habitat here was similar to the reference area.
The metabolic disruption response pattern is a refl ection of a change in the ability of fi sh to allocate energy, resulting in confl icting interpretation of energy storage and energy expenditure indicators. The national response pattern demonstrated in EEM Cycles 2 and 3 was that fi sh grew faster, were fatter, and had larger livers, but put less energy into reproductive growth. There are components of this response pattern seen at the la Tuque site. Near-fi eld male white sucker were similar in age and demonstrated reductions in growth and increased liver size. This response pattern has been suggested as a transitional progression between a normal population and the metabolic disruption response pattern demonstrated nationally .
The differences in growth in wild fi sh could be due to differences in habitats at the reference and downstream near-fi eld sites. They may also be caused by effl uent exposure, now or in the past. White sucker were on average 9 to 8 years old so growth changes may have occurred early in life. Far-fi eld female white sucker were older, put similar or greater energy into reproductive growth, and in terms of energy storage, had increased condition and liver weight but reduced amounts of visceral lipid stores. Far-fi eld male white sucker showed no site differences in average age, similar growth and investment in reproduction, and similar condition, but had increased liver size. Collectively, these results show one consistent response: increased liver size. This corresponds to the pattern of liver size in exposed fi sh from the National assessments of Cycle 2 and 3 data (Lowell et al. 2003) . Although larger livers are commonly interpreted as evidence of activated detoxifi cation systems, Lowell et al. (2003) found that liver size paralleled condition and was also similar to weight-at-age relationships indicating that it functions as an indicator of food utilization or storage. Examination of EROD activity did not support increased detoxifi cation contributing to the larger liver size since only male fi sh at the near-fi eld exposure zone had increased EROD (2-fold) activity. This was also observed in laboratory studies conducted concurrently (Wartman et al. 2009; van den Heuvel et al. 2010a ). However, previous detoxifi cation induction data also supports a transition to improved effl uent quality over time at La Tuque. Hodson et al. (1992) demonstrated 10-fold induction in fi sh collected from our far-fi eld location, and 5-fold induction 95 km downstream of the mill's discharge prior to the installation of secondary treatment and elimination of elemental chlorine bleaching. Both process changes are known to reduce the inducing potential of mill effl uents (Bowron et al. 2009 ). Reduction or elimination of MFO induction in fi shes has been previously observed to occur concurrently with recovery of reproductive parameters following cessation of exposure van den Heuvel et al. 2010b) .
The low levels of EROD induction were also consistent with no detectable differences in the levels of hepatic ligands for goldfi sh testicular androgen receptors, previously demonstrated in wild fi sh exhibiting metabolic disruption (Hewitt et al. 2000 (Hewitt et al. , 2005 . Since accumulated androgens were one of the most consistent responses measured, they were included as an endpoint which could be used to direct IOC work. This study showed that the La Tuque mill effl uent contained relatively low and variable concentrations of androgens (maximum 400 ng/L; van den Heuvel et al. 2010a) compared with the previous studies (1,800 ng/L; Hewitt et al. 2005 ). An overall weak ability of present-day La Tuque mill effl uent to affect fi sh reproduction was associated with no differences in the expression of male secondary sexual characteristics, circulating and in vitro steroid production, or gonadal histology.
Fathead minnows that were exposed for a lifecycle at the same time wild fi sh were exposed showed a similar response pattern that included increased gonad and liver sizes, and decreased length. Experiments conducted with rainbow trout given controlled rations and exposed to approximately 10% vol/vol of a New Zealand BKME showed reduced growth in a number of experiments, a change in gonad size in some experiments, but no changes in liver size (van den Heuvel et al. 2010b ). However, reduced growth was more prominent at higher ration levels and it was suggested that the dark colour of the effl uent limited the effi ciency of feeding (van den Heuvel et al. 2008) . The reduced growth seen in the current exposures was not related to the ability to feed since low effl uent concentrations that did not signifi cantly reduce light penetration also lowered growth. Most long-term controlled laboratory studies of pulp mill effl uent show increased growth with exposure to bleached sulphite mill effl uent (Parrott et al. 2004 ) and BKME (Borton et al. 2000) .
Fathead minnows exposed to La Tuque BKME in the present lifecycle study showed increased (up to 2-to 3.5-fold) egg production compared with control fi sh. This was unexpected since previous studies with many BKMEs (Robinson 1994; Kovacs et al. 1995; Borton et al. 2000 Borton et al. , 2001 , several unbleached kraft mill effl uents (Borton et al. 2000 (Borton et al. , 2001 , and one bleached sulphite mill effl uent (Parrott et al. 2004) reported reductions in the numbers of eggs produced, along with changes in secondary sex characteristics and sex steroid effects. The reduction in growth of the male fi sh observed in the present study could have been due to increased energy and activity protecting more batches of eggs compared with control fi sh.
There were no occurrences of male sex characteristics in female fathead minnows, or female sex characteristics in male fathead minnows as was seen previously in pulp mill effl uent exposures (Parrott et al. 2004; Rickwood et al. 2006 ) and with exposure of fathead minnows to ethinyl estradiol (Parrott and Blunt 2005) . There was however an increase in male secondary sexual characteristics in male fi sh at low BKME concentrations (1 to 10% BKME). Similarly, Kovacs et al. (1995) found fathead minnows exposed to ≥2.5% secondary-treated BKME for 275 d had increased male secondary sexual characteristics. In the present study there was also a loss of male secondary sex characteristics in the 100% BKME treatment group.
Similarly, male fathead minnows exposed to 50% of a different Canadian BKME had a delay in appearance of secondary sex characteristics (Robinson 1994) . Borton et al. (2000) saw a delay in the development of secondary sex characteristics in fathead minnows exposed to high concentrations of BKME from a mill located in the U.S.A.
Extensive chemical profi ling of conventional parameters over eight months illustrated that the La Tuque mill effl uent values were within expected ranges for a North American kraft mill biologically treated effl uent (LaFleur 1996) . Signifi cant fl uctuations in some measured parameters were noted, including aluminum, barium, manganese, resin acids, plant sterols, polyphenols, and the levels of ligands for goldfi sh testicular androgen receptors (van den Heuvel et al. 2010a ). These fl uctuations are consistent with the qualitative chemical profi ling completed at four different times during May to September 2006 (van den Heuvel et al. 2010a . Interestingly, the results initially do not seem to compare since the profi ling data indicates a lesser amount of extractable organics while the resin and plant sterol levels increase. In presenting these data to mill personnel, possible explanations for the changes that occurred were related to i) stabilization of effl uent quality following a May shutdown that would have contributed to irregularities in June, and ii) a switch in the location where wood feedstocks were obtained in June (G. Desbien, Smurfi tstone La Tuque QC, personal communication).
Conclusions
Fathead minnow lifecycle exposures to La Tuque BKME showed decreased growth and increased liver size similar to that observed in wild white sucker captured downstream of the pulp mill discharge. While these fi ndings were unexpected they demonstrate that presentday effl uent from this mill no longer causes metabolic disruption. Investigations into what factors are associated with these changes are ongoing. The temporal variability in some of the effl uent metals measured indicate fl uctuations in effl uent quality that must be incorporated into future IOC/IOS studies at selected mill sites. To our knowledge, this is the fi rst study that has compared wild fi sh metrics of a typical EEM study to a fi sh lifecycle test run concurrently. The ability of the lifecycle test to refl ect the wild fi sh results demonstrates that the lifecycle test can be used as an anchor for the calibration of more practical short-term laboratory tests for IOC/IOS work targeted towards eliminating effects of mill effl uents on fi sh reproduction.
